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DISTRIBUTION AND MOVEMENT OF ZINC AND OTHER HEAVY METALS 

IN SOUTH SAN FRANCISCO BAY, CALIFORNIA

By Wesley L. Bradford

ABSTRACT

From September to December 1972, zinc in aqueous solution was 

discharged into south San Francisco Bay, Calif., the study area, from 

eight wastewater treatment plants at a net rate of 77 kilograms per day. 

This newly added zinc moved from the aqueous phase to the bottom sediment 

at a rate of about 0.026 yg/cm2/day. Movement in the opposite direction 

could not be detected (the author had previously found in Chesapeake 

Bay, Md., Va., two mechanisms by which zinc moved out of the sediments). 

The concentrations of extractable Fe, Mn, and Zn in the suspended solids 

of bay water increased significantly with time but the total mass of 

zinc in the study area residing in the suspended solids remained constant 

Bottom sediments were analyzed for Fe, Mn, Zn, Cu, Co, Ni, and Pb in the 

2 mm-20 micron and <20 micron size fractions. Concentrations of all but 

Ni were higher in the smaller size fraction by factors of 2 to 5. No 

variations with either depth or location in total concentration of any 

metal could be shown. A varimax factor analysis of these data indicated 

that the concentration of each metal in the sediment is controlled by a 

separate process. Most of the variance in the lead concentrations in 

both size fractions is apparently due to the same factor, suggesting a 

single major source of lead such as automobile emissions.

In water samples after 5 days' settling, Zn and Cu were being 

sequestered by fast reacting chelators, a fraction of which would not 

pass a 0.22 ym filter. Zn and Cd were being sequestered by slow 

reacting chelators. The mean increase in concentration caused by 

destroying these latter chelators was 0.66 yg/fc of Zn and 0.023 yg/fc 

of Cd.



INTRODUCTION

The chemical behavior of major inorganic constituents in many 

natural water systems can be approximately predicted by equilibrium 

thermodynamics (Sillen, 1967; Garrels and Christ, 1965) with generally 

the best predictions being made in systems having long (geologic) time 

scales in which to reach equilibrium or a steady state approximating 

equilibrium (e.g., the deep ocean). Biological processes supply free 

energy to these systems erratically,causing variations in the behavior 

and distribution of these constituents away from that predicted by 

thermodynamics. Such variations are short in time scale relative to 

geologic processes and usually involve transfers of constituents 

between phases amounting to only a small fraction of the total in each 

phase (e.g., magnesium, calcium and carbon dioxide movements in the 

open ocean). By contrast the chemical behavior of the minor metals is 

not readily predictable from simple equilibrium thermodynamic 

solubility models as presently understood.

The movements and distribution of trace heavy metals in aquatic 

systems are usually affected proportionately more by the biogeochemical 

environment than are the more abundant alkaline and alkaline earth 

metals. Since trace metals affect the quality of a water resource, the 

identification and measurement of the processes affecting their move 

ments is most important. But in a review of phosphate and trace 

metal cycling processes in lakes, Lee (1970) concluded that not enough 

information is yet available to predict either the net direction or 

rate of movement under various conditions.



A large number of parameters or processes have been identified. 

Jenne (1968) suggests that one of the most important is the interaction 

between the solutes and one of the minor solid phases, the hydrous iron 

and manganese oxides. Carvajal and Landergren (1969) present a similar 

argument based upon analyses of deep oceanic sediments. Jenne (1968) 

also noted that in high organic soils and sediments, the organic 

fraction can be the most important solid phase interacting with solutes. 

Many other parameters and processes have been discussed in recent 

literature. The following are some examples: trace metal sequestering 

by dissolved organic matter in water (Slowey and Hood, 1971; Cross et 

al., 1970; Zirino and Healy, 1971; Bradford, 1972), cation exchange 

desorption from sediments (Forester et al., 1971; Evans and Cutshall, 

1972); trace metal sequestering by dissolved organic matter in inter 

stitial water (Brooks, et al., 1968; Presley et al., 1972), trace metal 

movements and diagenesis in variable potential environments (Spencer et 

al., 1972; Piper, 1971; Gross, 1967), associations of trace metals with 

high organic layers in sediments (Volkov and Fomina, 1971; Calvert and 

Price, 1970), and the fixation of dissolved material to biota and 

movement through the food web (Rice, 1963; Khaylov and Finenko, 1968). 

There is some feeling among workers that more processes have yet to be 

identified (Wolfe and Rice, 1972).



The number of ways in which known processes can combine and inter 

act in any given system to create the observed trace metal distribution 

is astronomical. Thus any system is likely to appear unique from only 

a cursory examination. The uniqueness problem is often compounded by 

the observer through his use of inadequate or improper analytical 

techniques, failure to distinguish between solid and solution phases 

and inability to determine the chemical speciation of the dissolved 

trace metal. Models may be formulated in the future that will 

successfully describe apparently unique systems according to the 

interaction of a few well recognized processes. At the present time 

such models do not exist.

In the absence of comprehensive models for trace metal behavior 

in natural water systems, it is useful to evaluate a few fundamental 

parameters in any system. Two of these are the direction and rate of 

movement of at least one trace metal between sediments and water and 

the chemical conditions associated with this movement. Very few workers 

have seriously attempted to evaluate these parameters. Exceptions are 

Rittenberg et al., (1955) and Mortimer (1971). The problem frequently 

occurring is that the hydrologic data or model necessary to estimate 

the rate that a metal leaves or enters through the fluid boundaries of 

the system is usually lacking. South San Francisco Bay seems to be 

unique in that during the dry season of the area's predominantly 

Mediterranean climate, the south bay is flushed very slowly (McCulloch 

et al., 1970) and probably by predominantly dispersive rather than



advective processes. Selleck (1968) determined the dispersion 

coefficients of a conservative constituent at several transects in the 

south bay area during the dry season. It is possible, using Selleck's 

(1968) values, to calculate the flux of any constituent across the 

seaward boundary of the study area if the horizontal concentration 

gradient is known. In addition to this, during the dry season the only 

inputs of fresh water and their dissolved constituents are from point 

sources, namely wastewater treatment facilities, which can be monitored 

regularly. Based upon these features of the area it seemed possible to 

determine reasonably accurate figures for the net transport of a trace 

metal into the system, out of the system and thence between the solid 

and solution phases.

The primary objective of this study was to determine the net 

transport of zinc into the study area from the urbanized perimeter, 

out of the study area across the northern boundary of the study area, 

and across the sediment-water interface within the study area, all 

within a limited time period. A secondary objective was to assemble 

as much data on other trace metals—their concentrations and chemical 

states in water, suspended solids, sediments and interstitial fluids— 

as possible within the time and funding constraints of the study in 

order to describe the existing trace metal conditions in the south bay. 

Thus the bulk of effort was directed toward evaluating the distribution 

and movements of zinc, but the data collected on the distribution of 

other metals is important and is reported here.



The parameters and processes evaluated in this study are listed 

below in order of priority.

1. The net direction and rate of exchange of zinc across the

boundaries of the study area and the sediment-water interface 

within the study area.

2. The distribution of zinc between organic chelators and the 

bulk of the solution in the aqueous phase.

3. The concentrations and variations thereof with time of zinc, 

iron, manganese and copper in suspended solids trapped by an 

0.22ym filter.

M-. The rate of discharge of dissolved zinc from sediments. 

5. The concentrations of iron, manganese, zinc, copper, cobalt, 

nickel and lead in sediments and interstitial fluids, and the 

processes controlling these concentrations.

To my knowledge, nothing has been published previously on the con 

centrations of zinc in water or sediments in San Francisco Bay. At the 

beginning of this work, the only data available on zinc concentrations 

in sewage effluent were in periodic reports required by regulatory 

agencies. These data were largely unacceptable for use in evaluating 

the zinc loadings from sewage effluent because sampling was infrequent 

and the analyses were performed on whble samples rather than on separate 

water and suspended solid phases.



DESCRIPTION OF THE STUDY AREA

The area of San Francisco Bay south of a transect one-half mile 

north of the San Mateo Bridge was chosen as the study area (Figure 1). 

McCulloch and others (1970) documented the major features of the 

circulation in this area of the bay: 1) strong tidal currents and winds 

generally stir the water column daily so that vertical density 

stratification and the subsequent condition of low oxygen concentrations 

over the bottom are rarely observed; 2) the freshwater input during the 

dry season, May through November, comes almost exclusively from sewage 

discharges; 3) major flushing action in the area is caused by high flow 

in the Sacramento and San Joaquin Rivers. Major floods usually occur 

in late winter.

The period of the study was September to December 1972. The wet 

season's first rains occurred in October and some major storms occurred 

in November and December, but these early rains soaked into the soil so 

that significant stream flow did not develop until later in the season, 

about mid-January. During storms, sizeable amounts of stormwater 

drained into the study area from urban developments on the bay, but 

this flow was not a significant fraction of total freshwater flow into 

the study area during the period and the zinc discharged in stormwater 

was a slight fraction of the total.
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The area has an average water depth of about 2.3 metres. The
e o

sediment area is about 206 x 10 m , 53 percent of which is intertidal. 

The perimeter is marked by several drainage sloughs, creeks and evapora 

ting basins. The sewage from 12 municipalities is discharged into the 

area following treatments which range in effectiveness from minimal 

secondary to tertiary. Most stormwater is handled by established storm 

sewers.

MATERIALS AND METHODS

Sampling stations, equipment and sample handling 

Sewage Water Samples. In order to determine the soluble zinc 

inputs to the area over the study period, discharges containing zinc 

were first located and then sampled regularly. Several potential sites 

of zinc loading were selected for preliminary evaluation including 23 

sewage plants, creeks and sloughs. Those sites where the zinc concen 

tration in grab samples was less than 20 yg/£ at each of three separate 

samplings in a two-week period were eliminated. The remaining sites, 

8 in number and all municipal wastewater treatment facilities, were 

sampled regularly. These sites are identified by number only. Samples 

from five of these showed considerable zinc concentration variability 

from day-to-day so were sampled twice a week. At the other three sites, 

the sample zinc concentrations were much less variable so these were 

sampled weekly.

10



Bay Water Samples. Water and suspended solid samples were col 

lected at stations already established by the U.S. Geological Survey's 

Office of Marine Geology and the Water Resources Division. Their south 

bay stations are shown in figure 1. Samples were taken aboard the 

Survey vessel R/V Polaris. Cruise records are shown in table 1. On

TABLE I.--Records for water sampling cruises

Cruise Date _. . . _ , , 
, , nnn , rsr, 0 Stations Sampled number_________1972-1973_________________________

Bl 25 September 36, 30, 29, 28, 26

B2 2 November 36, 32, 30, 29,
27, 24

B3 11 December 36, 32, 30, 27,
24, 22

BM- 3 January 36, 32, 30, 27,
________________________________24, 21__________

cruise Bl, samples were taken from station 36 at four increments of 

distance off the bottom to attempt to find a concentration gradient 

which would indicate discharge of zinc from the sediment. At subsequent 

stations on that cruise, a single sample was collected from 10 metres 

because of limited sample storage space. On subsequent cruises, at 

station 36, samples were taken at 3 and 5 metres. At all other 

stations, samples were taken from 5 to 10 metres. The samples were 

collected when the current was moving and .within 5 minutes of anchoring 

on station to avoid possible contamination from the zinc antielectrolysis

plates on the ship's hull.
11



The water sampling device consisted of a peristaltic pump fitted 

with silastic silicon tubing connected to 12 metres of polyethylene 

tubing. The polyethylene tubing was taped to nylon line weighted with 

an epoxy covered 7 kg steel weight. The tubing intake was extended 

about 30 cm perpendicular to the line to avoid contamination from the 

line. Two samples were collected in 1-liter high density polyethylene 

bottles. One was stored immediaTrely unfrozen over ice. The second 

sample was filtered through a 0.22ym Nucleopore— filter and stored 

unfrozen over ice. Both samples were later stored in the laboratory 

at M- C. Analyses of the filtered samples began in the laboratory 

soon after returning from the cruise. The unfiltered samples stood for 

5 days at 4 C to let heavy solids settle, then the top 800 ml of water 

was siphoned off for analysis. From this point on, the filtered and 

unfiltered samples were treated identically. Zinc loss by adsorption 

to bottle walls was found to be undetectable using Zn . This finding 

agrees with that of Robertson (1968).

The filters were dried over silica gel for one month, and re- 

weighed. The reported weight gain from water absorption by Nucleopore 

filters exposed to water and then dried is <0.05 mg (J. R. Schubel, The 

Johns Hopkins University, oral communication). No correction for water 

adsorption was made in determining suspended solids weights.

I/ The use of brand names in this report is for identification purposes 

only and does not imply endorsement by the U.S. Geological Survey.

12



Sediment Samples. Sediment cores were taken at the stations shown 

as ovals in figure 1. Sediments were taken closer to shore rather than 

in the main channel because the channel is impenetrable with simple 

coring devices and, since it is dredged occasionally, those sediments 

do not represent the normal sedimentation pattern. The sediments 

collected consist primarily of silt and clay with some sand and a small 

amount of shell from G. gemma or broken shell from old oyster beds.

The sediment cores were collected on 7 April 1973 from a small Hi 

skiff. The coring device was a Wildco K. B. Sampler (Saginaw, Mich.) 

specially fitted with a lexan core tube and adapter. The top 12 cm of 

core was extruded immediately under nitrogen into 3 cm sections directly 

into jars lined with plastic bags. The jars were tightly sealed and 

stored in an ice chest that was flushed daily with nitrogen. Over the 

5- to 10-day storage period, the color of the mud surfaces changed from 

gray-black to chocolate brown in nearly all cases but the mud inside 

the outer 5mm layer remained gray-black.

INTERSTITIAL WATER EXTRACTION AND SEDIMENT SIZE FRACTIONATION

The interstitial water was extracted from the sediment samples 

inside a nitrogen filled glove tent using the hydraulic squeezer 

described by Manheim (1966). The squeezer was rinsed with deionized 

water before each use. Filter, filter separators and containers were

presoaked in 0.1 M HNO and rinsed with distilled water. The maximum
o

pressure applied was 1,000 psi on coarse sediments and 800 psi on fine

grained or silty sediments.

13



The Eh was measured immediately using a combination platinum-calomel 

electrode. The initial pH was measured on a 7.0 m£ aliquot using a 

combination glass electrode. Then to titrate the alkalinity, 0.10 m£ 

increments of 0.789 M HC1 were added to the aliquot until the pH was in 

the range 2-3. The alkalinity is calculated by subtracting the excess 

acid added, as determined from the .final pH, from the total acid added. 

The aliquot with added acid increments was returned to the sample bottle

and 0.1 mC. of 6 M HNO added to the sample.
o

After squeezing, the semi-dry cake was weighed, and two sections 

were cut from it using a stainless steel knife. One section was 

weighed and then air dried to constant weight at 80 C to determine the 

moisture content, and the other section was weighed and reconstituted 

with distilled water saturated with chloroform to retard bacteria. 

After 3 days of soaking, the sediment in slurry form was separated into 

three size fractions by the method of Jenne et al., (in preparation). 

Briefly the >2 mm fraction was removed by seiving, and the fractions 

greater than and less than 20 microns (ym) were separated by decanting 

and settling. After separating and quantitatively splitting the 

sample to reduce the volume, the solids were concentrated by filtration 

through 0.22 ym Nucleopore filter. Half of each filter was used to

determine the dry weight of sediment collected, and the other half was 

analyzed.



METHODS FOR TRACE METAL ANALYSES

Field Analysis for Zinc in Wastewater. Analyses for zinc in 

wastewater were performed by a variation of Huff's (19M-8) mixed color 

dithizone method. The green dithizone reacts with heavy metals in the 

aqueous phase to form reddish metal dithizonate complexes also soluble 

in the CC1 phase. The mixture of excess unreacted green dithizone and 

the metal dithizonate ranges in color from greenish blue to bright pink 

when virtually all of the dithizone is complexed.

Huff's (1948) report noted methods for reducing most analytical 

interferences but these are not effective for reducing interferences 

from palladium, cadmium and tin. Concentrations of palladium and 

cadmium are expected to be small in sewage and can be safely ignored 

(Teng Wu, Regional Water Quality Control Board, oral communication, 

August 1972). Since tin is widely used in industry, the interference 

from Sn(ii) was examined further. In acetate buffer, the color from 

the Sn(n) dithizonate deteriorates in 3 minutes to one-half its 

original intensity. The initial color intensity ratio relative to 

zinc is reduced by half by adding thiosulfate (as per Huff, 19M-8), and 

the rate of color deterioration is comparable. The Sn(ll) interference 

was effectively eliminated by waiting 3 minutes after mixing before 

reading the mixed color.
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To evaluate the method, 37 samples were analyzed over a period of 

4 weeks both by mixed color dithizone and by atomic absorption. In the 

atomic absorption analysis, the sample was diluted 1:2 with 2 N HC1, 

and the calibration curve determined by three standard additions. A 

Student "t" test showed the difference between mean values by each 

method to be insignificant. A linear regression analysis of 

the data gave a slope of 1.00, correlation coefficient of 0.966 and 

intercept less than one standard error from the origin. These 

analyses suggest that there are no observable systematic differences 

between the methods. The coefficient of variation on replicate analysis 

by the colormetric method is 20 percent. The method measures dissolved 

zinc plus the zinc readily exchangeable from suspended particulate 

matter.

Analyses for Trace Metals and Chelation Effects in Bay Water. 

Anodic Stripping Voltammetry (ASV) was used according to methods 

developed by the author (Bradford, 1972) to analyze for zinc and 

cadmium and to characterize the extent of metal complexing by organic 

matter. A coefficient of variation of 4 percent on replicate zinc 

analyses at the 2.5 yg/£ was reported earlier. The practical 

detection limit for zinc is restricted by the presence of interfering 

constituents which vary between samples.
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The author also developed methods for using ASV as a qualitative 

indicator of trace metal complexing by organic matter in water. 

Briefly, if chelators are present, they reduce the signals produced 

with ASV by a given actual metal concentration. If the chelators are 

destroyed, the signals increase. In practice, two subsamples of a 

sample are prepared. One is irradiated with strong ultraviolet light 

to destroy dissolved organic matter (Armstrong and Tibbitts, 1968), and 

the two subsamples are analyzed in sequence—the raw subsample followed 

by the irradiated. An increase in signal sensitivity (the signal 

increase due to a standard addition) indicates the presence of fast- 

reacting chelators, thought to be like EDTA and other strong complexing 

agents. An increase in the apparent metal concentration (basically the 

initial signal divided by the sensitivity) indicates the presence of 

slow-reacting chelators, thought to be weak complexers like amino acids, 

Complete reaction within 15 minutes is considered fast here. In this 

way information on the complexing of zinc, cadmium, lead and copper may 

be obtained. In this study, significant complexing of only zinc, 

cadmium, and copper was observed and reported.

Both filtered and unfiltered samples were analyzed by ASV, and in 

pairs of raw and irradiated subsamples. Zinc and copper concentrations 

were also determined by atomic absorption on some samples to check the 

results by ASV. The APDC-MIBK (amino pyrolidine dithiocarbamate-methyl 

isobutyl ketone) extraction scheme of Brooks et al., (1967) was used in 

these analyses.
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Extraction and Analysis of Trace Metals in Sediments and 

Suspended Solids. Trace metals were extracted into 1 M sodium 

citrate buffer under strong oxidizing conditions followed by 

strong reducing conditions (Jenne and Ball, in preparation). 

The range in chemical conditions provided is similar to the 

extremes encountered in natural water systems. Extraction was 

carried out in acid cleaned high density polyethylene bottles using 

reagents precleaned by adding APDC and extracting with three aliquots 

of MIBK. To reduce and equalize the iron interference in subsequent 

APDC-MIBK extraction of other metals, the extracts were diluted to 

a range of iron concentrations of 40-70 mg/£. Iron and manganese were 

determined directly on the dilutions by atomic absorption. The other 

metals of interest were concentrated by the APDC-MIBK method of Brooks 

et al., (1967) using two MEEK aliquots which together recovered 95 

percent of each metal. Recovery effectiveness was confirmed by 

extracting random diluted extracts with additional aliquots of MIBK 

and determining the amount of additional metal removed.
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Each set of sample extracts in sodium citrate was analyzed on two 

successive working days. Standard curves for iron and manganese were 

determined each day using standard solutions prepared earlier. Standard 

curves were determined one day only but in duplicate for the extracts of 

zinc, copper, cobalt, nickel and lead in sediment fraction samples and 

for zinc and copper in suspended solid samples. The points, excluding 

the blanks, were fitted to a second order polynomial by the least 

squares method and the blanks and the intercept were compared. In all 

cases the agreement was good, so the coefficients for the curve were 

recalculated using all the points, and the new intercept was taken as 

the analytical blank.

The coefficients of variation for the analyses of the sediment 

extracts are, for the iron and manganese analyses <\,2 percent, and for 

the zinc, coppers cobalt, nickel and lead analyses <\,5 percent. The

overall coefficient of variation on replicate procedures for separation 

through analysis is estimated as ^5 percent for iron and manganese, and 

'VLO percent for the other metals.

The interstitial water samples were handled in the same way as the 

sediment and suspended solids samples. Since the volume of sample was 

small (less than 25 m£) most of the analytical values for trace metals 

were very close to the detection limits.

The detection limits and coefficients of variation for analyses of 

water for the several analytical methods used in this study are listed 

in table 2.
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TABLE 2.—Detection limits and coefficients of variation in analytical

techniques used for water analyses

Analysis

Wastewater

Colorimetric Zn

MS* Zn

Bay Water

ASV** Zn

Cd

MS © (Solvent 
extraction) Zn

Cu

Interstitial water

AAS Fe*

Mn

AAS (g) (Solvent 
extraction) Zn

Cu

Co

Ni

Pb

Detection 
Limit

Coefficient of 
Variation

20 yg/£ 20%

20 yg/A

0.1 yg/£

0.01 yg/fc

0.3 yg/£

0.7 yg/*

1.0 rog/&

0.3 rng/H

.01 mg/£

.01 mg/fc

.01 mg/A

.01 mg/A

.05 mg/£

5%

3.7%

7%

15%

7.8%

5%

5%

10%

10%

10%

10%

10%

Level

60 yg/£

100 yg/£

2.5 yg/£

0.3 yg/£

3.9 yg/£

2.7 yg/£

10.0 nig/£

3.0 mg/£

.10 ^ng/A

.10 nig/£

.10 m g/£

.10 mg/£

.50 mg/£

J'*AAS - Atomic Absorption Spectrometry 
- Anodic Stripping Voltammetry
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RESULTS

Zinc Input from Wastewater Treatment Facilities. The zinc concen 

trations observed in effluents from the eight wastewater treatment 

facilities identified as significant contributors to the zinc loading 

are plotted with time in figure 2. The zinc concentrations varied 

nearly three orders of magnitude between facilities and concentrations 

within one facility varied nearly two orders of magnitude.

The cumulative zinc input from wastewater discharges was determined 

by taking the products of the 5-day average concentrations and the 

respective discharge rates for the same time period and summing over 

all eight facilities. The results are shown in figure 3. The linear 

regression correlation coefficient for the cumulative discharge with 

time is very close to unity, a surprising result considering the 

extremities of the variations in zinc concentration in effluents. The 

rate that soluble zinc is discharged to the study area appears to be 

remarkably constant at 0.077x10 grams per day over the entire study 

period.
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The Quantitative Distribution of Zinc in Bay Water, The fields of 

figures M- and 5 depict time-versus-water volume in the study area. On 

the field of figure M- are plotted the best estimates of the aqueous zinc 

concentration, based upon eight to ten separate analyses at each station, 

Analyses by ASV are usually more precise than those by atomic absorption 

so when values from both types of analyses were in general agreement, 

the ASV values are reported. This is the case for the samples from the 

last two cruises. In samples from the first two cruises, the zinc con 

centrations were very low and interferences were encountered in the ASV 

analyses making them less precise than usual. The values obtained by 

atomic absorption were close to the detection limit. Values reported 

for the first two cruises are averages of the four values which agreed 

most closely with each other. The coefficient of variation on these 

values is estimated at about 30 percent. In figure 5 are plotted the 

sums of the aqueous zinc concentration and the concentration on the 

suspended solids expressed as yg/£ in the water. On both figures, the 

isopleths were drawn with the aid of a 10 point divider.
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FIGURE 4.--The distribution of the aqueous zinc concentration on
versus volume field.
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FIGURE 5.--The distribution of the zinc concentration in the combined 
aqueous and suspended solids phases on a time versus volume field.

28



The mass of zinc present in the water was estimated at six dates 

by summing the product of the volume and the concentration over 20 

volume increments. These calculated values appear in figure 3. There 

is a slight upward trend with time in the mass of zinc present in both 

the aqueous phase and the combined aqueous and suspended solid phases. 

The difference between the linear regression coefficients of these two 

sets of points suggests that the mass of zinc present in the suspended 

solids is fairly constant at l.lxlO 6 grams. The apparent rate of 

increase in the mass of zinc in the aqueous phase of bay water is
c

0.021x10 grams/day. The difference between this rate and the rate of 

loading from sewage effluent is 0.055x10 grams/day which represents 

the combined losses due to the flux into the sediments and dispersion 

out of the study area.

The Chelation of Zinc, Copper and Cadmium. Figure 6 shows the 

zinc concentrations determined by ASV in raw and irradiated pairs 

of unfiltered samples, and the percent increase in the zinc and copper 

sensitivity which accompanied the irradiation. Figure 7 is an 

identical plot for the filtered water samples. In general, the pairs 

of analyses and the sensitivity bar graphs together indicate that 1) 

substantial amounts of zinc are sequestered by slowly reacting 

chelators, 2) fast reacting chelators are also strongly affecting both 

zinc and copper and 3) there appear to be no systematic differences in 

the results between filtered and unfiltered samples. It should be 

noted that the unfiltered samples are, nevertheless, settled and 

decanted thus removing particles with Stokes' diameters greater than

O.lym (Bradford, 1972).

29



to
 

o

S
LI

D
IN

G
 

S
C

A
LE

 
O

F 
Z

IN
C

 
C

O
N

C
E

N
T

R
A

T
IO

N
S

 
IN

 
M

IC
R

O
G

R
A

M
S

 
P

E
R

 
LI

T
E

R
 

S
T

A
T

IO
N

 
36

 
S

T
A

T
IO

N
 

32
 

S
T

A
T

IO
N

 
30

 
S

T
A

T
IO

N
 

27
 

S
T

A
T

IO
N

 
24

H
- 

O
 

H
- 

PJ
M

 
(D

 
C

-»
 

N
)

b
 

b
-*

 
!°

 
b

 
b

p
 

-»
 

b
 

b
p

 
-»

 
b

 
b

rt 0

PJ
 

CD rt
 

N H-
 r

y
E3

 
(D

•n
 O

 Z
CD

 
r-

 —
 

H
 3

J

I v-
q

2
0

O
 

CD
 

3
 

M
 

O
 

CD
 

PJ

rt
 

QJ

fl>
 

H
i 

H
i 

CD
 

O
 

rt
 

M

-S
i >

33
 5

O
 

CD
 

31
$

 
C CO m Z

 
C 2

CD
 

CD
oo

 
m 3}

p
 

r*
 

r°
 

w
 

b
 

o
 

b
 

b
S

T
A

T
IO

N
 

36

P
 

-»
 

N
)

b
 

b
 

b
 

S
T

A
T

IO
N

 
32

o
 

b
 

S
T

A
T

IO
N

 
30

3
0
0
 

S
T

A
T

IO
N

 
27

S
§

I 
T

o
3

 
z

-3
 

li » z
 

"
8

1 
I

-5
5

o
 >

-»
 

N
)

o
 

b
 

S
T

A
T

IO
N

 
24

I 
I

53
01

 
>

i 
5

 
3 

z

-S
3

o
 >

fc
N>

 
O

8
P

E
R

C
E

N
T 

IN
C

R
E

A
S

E
 

IN
 

T
H

E
 

Z
IN

C
 

A
N

D
 C

O
P

P
E

R
 

S
E

N
S

IT
IV

IT
IE

S



5 meter 
SAMPLE

<r 2.0 tsi

9. 1.0
i-
w 0.0

B1

1.0

< 0.0 

3.0

gi_
i-

0.0 

3.0

z 2 - 0

< 1.0 

0.0

Z «

9 1
3.0

2.0

< 1.0 
to

0.0

CRUISE NUMBER 
B2 B3 B4

10 meter 
SAMPLE

2.0 ^ 
tsi
Z

i.o 2

CRUISE NUMBER 
ZINC COPPER 

B1 B2 B3 B4 B1 B2 B3 B4

0.0

4.0

3-°8
z 

2.0 2

< 
1.0 te

0.0 

4.0 

3.0 tsi
CO

Z
2.0 2

<
1.0 w 

0.0

3.0

2.0

ZINC CONCENT RATION IN RAW 
AND IRRADIATED SAMPLE PAIRS; 
FILTERED WATER

1.0 < 
c/i

0.0

40 STATION 24 
5 meters

1 1 1

1,
200

40
0.0 w

2.0 r. °
tN

H 40
1.0 2

w 0

1

STATION 24 
10 meters

Lll

1

STATION 27 
5 meters n

I 1

STATION 27 
10 meters oL

200

0

200

0 ?

200

,L
STATION 30 

5 meters

III

.I STATION 30 
10 meters

II

.11

STATION 32 
5 meters

• II

.11
STATION 32 

10 meters

• ••

1
STATION 36 

3 meters

II

M
STATION 36 

5 meters

l_l

0

200

0

400

200

0

200

0

200

0

200

0

200

PERCENTAGE CHANGE IN ZINC AND COPPER 
SENSITIVITY CAUSED BY SAMPLE IRRADIATION
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in filtered samples analyzed by anodic stripping voltammetry.
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To determine whether the various methods of sample handling had a 

significant effect upon the analytical results, differences between 

pairs of analyses (e.g., the filtered sample zinc concentration minus 

the unfiltered sample zinc concentration) were summed over all the 

measurements and the Student "t" test applied to the Null Hypothesis 

that the mean of the differences is not significantly different from 

zero. The results are shown in table 3.

From rows 1 and 3, irradiation caused a significant increase in the 

apparent zinc concentration averaging 0.63 vg/t in unfiltered samples 

and 1.00 yg/£ in filtered samples; the probability that the filtered 

and unfiltered sample zinc analyses are not different populations is 

0.09 (not shown). From rows 2 and 4, filtration caused no significant 

change in the zinc concentration in irradiated samples, and only a 9 

percent probability of a difference in the raw samples. From rows 5 

and 6, irradiation caused significant increases in the sensitivity 

for both zinc and copper; the increases were identical for zinc 

between filtered and unfiltered samples but, from row 7, the increase 

in copper sensitivity was significantly larger in the unfiltered 

samples. The basic statistics for cadmium concentrations in raw and 

irradiated samples are present in table 4.
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TABLE 4.—The range3 meanf and standard deviation of cadmium 
analyses in raw and irradiated bay water (yg/£)*

Raw Cd 

UV Cd

.176 .0608 81 

.199 .0699 79

* X Mean of analyses N Number of samples analyzed 

S Standard deviation

The mean cadmium values in raw and irradiated samples are 

significantly different at the 0.1 percent confidence level. Thus it 

appears that irradiation released an average of 0.023 yg/£ of cadmium 

from slow reacting chelators, or approximately 12 percent of the total 

cadmium present. There also appeared to be a trend toward lower 

cadmium values going northward. Values ranged from approximately 0.3 

pg/£ at station 36 to approximately 0.1 yg/£ at station 21. No concen 

tration differences due to filtration were apparent.

Trace Metals in Suspended Solids. The concentrations of 

suspended solids and the concentrations of four trace metals in those 

solids are shown in table 5. In a preliminary analysis of the data, no 

significant differences with depth or station were found suggesting 

that the distribution of suspended solids and trace metals in those 

solids is spatially homogeneous. The mean values between cruises were 

found to be different, however. The statistical probabilities of the 

Null Hypothesis that no differences exist are shown in table 6 •
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TABLE 6.—The probabilities that no significant differences exist between
the means of suspended-solids data*

Iron

Bl

Bl

"•<-

B2 j <.001

B3 i <.001
i

B4 <.001

B2

__ .

.012

^~~~~^

.40

<.001

B3

.13

.33

.003

B4

<.001

.025

.0016

i

Manganese

Bl

B2

B3

B4

*To save space two tables are combined in each square with the diagonal as 

the dividing line. The number in each row and column block is the 

probability that no difference exists in the concentration means of the 

listed constituent between the row cruise and the column cruise.
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The following trends are observed: 1) the mean iron and manganese 

concentrations increase with time except between B2 and B3 where the 

difference is not significant, 2) the mean zinc concentration increases 

with time but only the difference between Bl and BM- is significant, and 

3) the mean copper concentration in BM- is lower than all the others 

for an unknown reason.

Interstitial Water. Because of the small sample size, the analyses 

for copper, zinc, cobalt, nickel and lead were close to the detection 

limits and are generally unfit for detailed interpretation. There were 

no trends apparent in the Eh, pH or alkalinity values which would 

suggest grouping this data for other statistical analyses. Both iron 

and manganese appeared to be more concentrated in surficial samples: 

the range in surficial layers was 10.5 - M-0.5 yg/£ for iron and 

5.0 - 30.4 yg/£ for manganese as opposed to the ranges in the 9 - 12 cm 

layers of 4.8 - 19.6 yg/£ for iron and 0.8 - 11.3 yg/£ for manganese. 

Iron and manganese were positively correlated with a correlation 

coefficient of 0.64-0. A basic statistical summary of these data is 

presented in table 7.
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Bed Sediment. The results of the analyses for seven heavy metals 

in two size fractions of bay sediments are given in table 8. The 

average concentration of these trace metals in shale is included for 

reference. The means of all metal concentrations except nickel are 

significantly different between the two size fractions. Metal concen 

trations are higher in the <20 um fraction over the 20 um-2 mm fraction 

by a factor of 2 in iron, manganese and cobalt, a factor of 3 in copper 

and a factor of 5 in lead.

Some trends are apparent by inspection only: 1) manganese is 

slightly more concentrated in the surficial layers in both size 

fractions; 2) zinc is slightly more concentrated in both fractions the 

closer one approaches the south end of the bay; 3) lead is more concen 

trated in the <20 ym fraction only in the two samples closest to the 

San Mateo Bridge (28E and 29W) but is more concentrated in the larger 

fraction only in the two southernmost samples; 4) in most samples, the 

nickel concentration is larger in the <20 Urn fraction, but in the three 

samples just south of the Dumbarton Bridge (33W, 33E, and 34) it is 

larger in the larger size fraction.
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TABLE 8.—The distribution of three size fractions and the concentrations 

[Values are reported to one additional significant figure to

Dry Sample Fractionation
Station
Number

28E
28E
28E
28E
29W
29W
29W
29W
29E
29E
29E
29E
SOW
SOW
SOW
SOW
30E
30E
30E
30E
32W
32W
32W 
32W
33W
33W
33W
33W
33E
33E
33E
33E
34
34
34
34
36
36
36
36

Core
Depth (cm) 

0-3
3-6
6-9
9-12
0-3
3-6
6-9
9-12
0-3
3-6
6-9
9-12
0-3
3-6
6-9
9-12
0-3
3-6
6-9
9-12
0-3
3-6
6-9 
9-12
0-3
3-6
6-9
9-12
0-3
3-6
6-9
9-12
0-3
3-6
6-9
9-12
0-3
3-6
6-9
9-12

Moisture
Fraction

0.44
.43
.35
.34
.54
.52
.52
.56
.26
.27
.29
.32
.49
.42
.40
.42
.53
-
.46
.38
.48
.48
.51

Fraction
>2mm

0.0
.009
.012
.007
.022
.0
.0
.0
.015
.0
.0
.0
.020
.011
.016
.014
.0
.0
.0
.0
.068
.002
.003

Fraction
20ym-2mm

0.53
.54
.75
.70
.68
.71
.70
.58
.86
.91
.75
.64
.62
.60
.69
.58
.33
.26
.50
.59
.47
.29

Fraction
<20ym

0.47
.45
.24
.29
.30
.29
.30
.42
.12
.09
.25
.36
.36
.38
.30
.40
.67
.74
.50
.41
.46
.71

.37 .62

Percent
Recovery 

103
98

107
98

104
94

100
105
88
85
96
88 .

101
105
96

102
113
86

108
90
9.7

100
94

.52
. .49

.50

.48
-
.51
.54
.54
.52
.51
.51
.50
.51
-
.47
.50

.0

.009

.0

.011

.0

.0

.010

.017

.004

.0

.005

.006

.025

.018

.0

.007

.33

.35

.38

.36

.21

.23

.34

.29

.36

.32

.28

.26

.34

.35

.30

.28

tAverage shale composition from Krauskopf [1967]. 
These values are obtained by total digestion.

.67

.64

.62

.63 ,

.79

.77

.65

.69

.64

.68

.72

.73

.63

.63

.70

.72

105
107
104
104
108
98

106
100
105
105
103
114
110
105
100
109

Sample mean

Standard deviation

Average shale'
40



of heavy metals in two size fractions of sediments from San Francisco Bay 

avoid rounding error in the proceeding statistical treatment]

WITHIN THE 20 MICRON - 2 MM SOLIDS FRACTION
FE 

(mg/g)

13.8 
12.4 
10.5 
13.2
21.3 
26.4 
28.3 
25.5
14.3 
16.0 
14.4 
18.9
18.9 
17.8 
20.0 
23.1
25.9 
25.3 
21.2 
20.7
32.8 
57.5 
52.3

26.0 
13.2 
11.8 
25.7
38.5 
36.6 
35.2 
32.6
27.2 
23.2 
21.3 
20.2
17.5 
16.6 
19.0 
19.1

23.42 

10.20

47.0

MN
(yg/g)

201 
159 
111 
143
248 
164 
170 
154
245 
190 
134 
200
185 
139 
137 
159
173 
289 
248 
189
212 
306 
318

290 
79 
75 

167
493 
569 
350 
278
184 
129 
300 
330
591 
277 
225 
272

232.9 

116.7

850

ZN
(yg/g)
38.2 
32.1 
22.6 
18.3
35.9 
42.3 
45.1 
80.6
29.5 
31.1 
20.9 
35.8
40.7 
29.0 
26.5 
22.1
38.1 
50.8 
27.0 
41.5
76.9 
59.8 
80.6

62.3 
26.1 
27.3 
70.6

109.8 
99.0 
80.9 
59.0
50.3 
38.8 
62.5 
61.9
50.2 
50.3 
68.8 
61.2

48.8 

22.4

80

CU
(yg/g)

8.7 
7.3 
5.7 
2.6

15.9 
19.1 
21.4 
18.6
5.2 
5.5 
4.1 
4.9

11.8 
11.4 
11.6 
9.0

12.8 
14.0 
6.8 
5.1

23.8 
19.6 
30.9

26.2 
9.1 

11.5 
20.7
36.9 
29.1 
25.6 
19.9
28.8 
22.0 
13.5 
11.6
8.0 
7.9 

19.5 
16.0

14.9 

8.6

57

CO
(yg/g) 
1.9 
2.7 
1.6 
1.4
2.2 
2.3 
2.5 
2.3
3.5 
2.5 
2.1 
2.8
1.8 
2.1 
2.0 
2.0
2.8 
3.6 
2.0 
2.5
1.3 
2.6 
3.7

2.3 
1.3 
1.4 
2.7
4.7 
4.8 
0.6 
4.3
3.0 
2.8 
6.6 
5.3
4.3 
4.3 
8.9 
8.2

3.1 

1.8

20

NI
(yg/g)
12.0 
10.7 
7.7
8.1

13.3 
16.8 
16.3 
15.1
14.4 
14.6 
13.6 
17.3
25.1 
25.4 
26.2 
23.5
33.0 
46.7 
25.9 
29.1
26.0 
24.1 
28.8

40.0 
17.6 
18.3 
38.5
58.3 
48.3 
42.5 
35.5
31.4 
30.5 
23.5 
20.1
14.9 
14.5 
40.8 
39.3

25.3 

12.2

95

PB
(yg/g)

2.0 
2.0 
0.8 
0.3
4.3 
5.2 
4.9 
5.0
1.0 
0.4 
0.0 
0.0
0.9 
1.1 
0.3 
0.0
3.5 
2.7 
2.1 
0.8
0.0 
0.8 
4.2

3.2 
1.1 
1.1 
1.8
4.9 
1.4 
1.5 
0.4
0.9 
2.5 

12.1 
12.7
12.3 
8.5 
9.1 
7.6

3.2 

3.6

20

Station 
Number

28E 
28E 
28E 
28E
29W 
29W 
29W 
29W
29E 
29E 
29E 
29E
SOW 
SOW 
SOW 
30-W
30E 
30E 
30E 
30E
32W 
32W 
32W 
32W
33W 
33W 
33W 
33W
33E 
33E 
33E 
33E
34 
34 
34 
34
36 
36 
36 
36

41



TABLE 8.—The distribution of three size fractions and the concentrations 
of heavy metals in two size fractions of sediments from 

San Francisco Bay—Continued

Station 
Number

28E 
28E 
28E 
28E
29W 
29W 
29W 
29W
29E 
29E 
29E 
29E
SOW 
30W 
30W 
30W
30E 
30E 
30E 
30E
32W 
32W 
32W 
32W
33W 
33W 
33W 
33W
33E 
33E 
33E 
33E
34 
34 
34
34
36 
36 
36 
36

WITHIN THE
FE 

(mg/g) 
42.4 
45.1 
49.1 

^ 46.1
44.8 
41.9 
43.7 
41.4
58.7 
45.8 
50.2 
43.8
42.3 
20.7 
47.6 
44.9
36.9 
71.3 
54.2 
49.9
48.7 
44.6 
43.2

48.9 
47.0 
50.9 
53.4
50.1 
47.6 
54.2 
51.8
47.6 
50.2 
52.3 
47.9
42.7 
47.4 
53.1 
47.4

47.43 

7.24

47.0

MN
(yg/g)
502 
543 
430 
490
616 
259 
279 
308
807 
458 
402 
384
378 
154 
336 
354
643 

1508 
776 
476
439 
382 
333

532 
355 
404
441
326 
719 
614 
561
407 
404 
439 
444
620 
376 
433 
401

480.4 

218.1

850

LESS THAN 20 MICRON SOLIDS FRACTION
ZN

(yg/g)
86.0 
86.0 

115.0 
82.7
94.8 

119.1 
100.0 
91.6
84.1 
57.6 
58.6 
45.8
77.1 
30.4 
81.1 
63.6
64.7 

155.2 
77.4 

101.2
74.3 
48.9 
71.3

59.2 
95.3 
95.2 
95.8

110.5 
96.8 
95.7 
92.3
93.4 

118.3 
104.3 
90.1
99.2 

192.8 
164.5 
166.3

93.2 

33.2

80

CU
(yg/g)
40.3 
40.4 
44.5 
324.4
42.7 
39.7 
39.4 
41.6
39.0 
32.8 
35.7 
27.1
30.0 
13.6 
28.3 
27.2
20.5 
54.1 
22.5 
21.5
17.1 
12.0 
18.0

32.1 
26.9 
27.2 
33.3
37.6 
26.5 
30.4 
32.3
47.5 
46.2 
37.9 
33.0
29.2 
60.3 
52.5 
42.8

41.2 

47.8

57
42

CO
(yg/g)

7.3 
7.5 

12.4 
10.2
9.7 

14.6 
16.1 
9.4

22.5 
11.8 
12.1 
9.2
8.3 
2.7
5.5 
4.1
7.1 

12.5 
7.0 
7.5
4.8 
3.4 
6.9

7.4 
6.2 
7.5 
7.6
7.7 
6.6 
7.8 
7.6
9.0 

10.4 
9.0 
7.7
8.1 

11.9 
9.4 
8.2

8.8 

3.6

20

NI
(yg/g)
38.6 
29.3 
33.0 
54.1
23.4 
16.2 
25.8 
47.7
51.1 
41.6 
23.2 
32.9
25.7 
21.5 
34.9 
29.3
34.5 
99.6 
39.4 
32.5
42.7 
27.0 
24.7

11.7 
7.0 

10.6 
16.3
14.7 
20.4 
22.7 
19.3
14.2 
16.4 
18.8
21.1
18.9 
62.9 
69.0 
52.0

31.4 

18.4

95

PB
(yg/g)
47.3 
25.5 
34.0 
19.5
35.1 
32.4 
48.5 
29.9
10.2 
16.8 
14.1 
4.5
22.9 
8.5 

14.2 
6.4

16.1 
36.5 
18.6 
16.3
11.9 
3.9 
1.3

20.1 
20.6 
20.1 
21.9
30.5 
20.8 
19.6 
13.8
15.7 
17.8 
16.7 
14.8
17.0 
14.9 
10.8 
8.1

19.4 

10.8

20



/1 /

Interrelationships between the heavy metal concentrations in the ".„- -v . 

sediments were examined by two separate multivariate statistical 

procedures; factor analysis and multiple regression. Factor analysis 

with the varimax rotation solution was used by Bawdy and Feth (1967) 

and thoroughly discussed by Hitchon et al., (1971). In this, procedure,
1 , '•' ;; r*-f

the relationships between a number of variables are described by a 

fewer number of factors that represent common processes affecting the 

variance of the variables in the data set but can be identified only 

by considering known information about the variables. The fraction of 

each variable's total variance accounted by each factor equals the 

square of the factor loading. A variable's communality, representing 

the fraction of the variable's total variance accounted by all the
•4 -- __

factors togetherj^-^ials the sum of the squares of each variable's ' - _. _ .,_ . 

factor 'loadings. In this analysis, the communality is unity when the 

total variance is completely accounted by all the factors. The 

variance of the entire data set accounted by each factor is represented 

by an eigenvalue.



To identify the minimum number of factors required to account for 

most of the variance in the data set, a principal component analysis was 

performed in which the maximum variance accounted by each successive 

factor was extracted from the data set. The less significant factors 

were then successively rejected until the communality of any variable, 

initially unity, decreased to below 0.95, indicating that a significant 

factor had been rejected. The varimax solution was then performed 

redistributing the variance to maximize that accounted by each factor 

to produce the rotated factor matrix.

In the principal component matrix only five factors were required 

to explain 96 percent of the sample variance in the 2 mm-20 um fraction, 

but six factors were required to explain 97 percent of the variance in 

the <20 urn fraction.Elimination of the sixth factor here caused the 

communalities of both iron and nickel to decrease to 0.7. The rotated 

factor matrix loadings are shown in tables 9 and 10. The principal 

component matrices are not shown but have a similar appearance with 

loadings heavily weighed on the first factors. To make the tables more 

readable all loadings less than 0.3 (9 percent of the variance) are 

deleted.
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TABLE 9.—Factor loadings for the constituents of the 
2 mm-20 ym size fraction*

Variable

Factor

1 2 3 4 5 Communalities

Fe 

Mn 

Zn 

Cu 

Co 

Ni 

Pb

,888

,393

,494

.307

.551

.929

383

728

831

828

888

361

.788

.409

.989

.991

.914

.953

.979

.962

.959

Principal component eigenvalues

3.776 1.658 .594 .443 .277 

Principal component cumulative % of variance explained

53.9 77.6 86.1 92.4 96.4 

Rotated factor matrix eigenvalues

1.246 1.383 2.150 1.104 .864 

Rotated factor matrix cumulative % of variance explained

17.8 37.6 68.3 84.0 96.4

*'cFactors with eigenvalues <.2 were rejected before rotation 

<.3 are omitted from the table.

Loading
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TABLE 10.—Factor loadings for the constituents of the 
<20 \im size fraction*

Variable

Factor

1 I 2 3 4 \ 5 
!

6 Communalities

Fe 

Mn 

Zn 

Cu 

Co 

Ni 

Pb

.886 .343

.934

.443

.987

.951

.895

975

.953

.941

.979

.999

.997

.973

.992

Principal component eigenvalues

2.789 1.123 1.019 0.755 0.638 0.509 

Principal component % of cumulative variance

39.9 55.9 70.5 81.2 90.4 97.6 

Rotated factor matrix eigenvalues

1.609 1.030 1.016 1.092 1.017 1.071 

Rotated factor matrix cumulative % variance

23.0 37.7 52.2 67.8 82.3 97.6

""'Factors with eigenvalues <.2 were rejected before rotation. Loadings 

<.3 are omitted from the table.
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In both matrices, the eigenvalues for each factor are nearly 

identical suggesting that no single factor plays a dominant role. 

There are, however, major differences in the distribution of factor 

loadings between the size fractions. In the <20 ym fraction, each factor 

tends to dominate a single variable while in the larger fraction, the 

factor loadings are more evenly distributed among the variables. The 

variance in the iron and manganese data are caused by the same factor 

in the <20 ym size fraction but by different factors in the larger size 

fraction. The iron and zinc variance are partially controlled by the 

same factor in both size fractions. Lead is heavily loaded in factor 2 

in both size fractions suggesting that this factor is the same process 

in both cases.

The data were also analyzed by multiple linear regression 

techniques that formulate a first order equation in the independent 

variables and compute a multiple correlation coefficient between the 

calculated and observed dependent variables. The results of this 

analysis confirm those of the factor analysis that the metal concen 

trations are largely uncorrelated with each other.



DISCUSSION AND CONCLUSIONS

Zinc Transport in South San Francisco Bay. During the period 

September through December, 1972, eight municipal wastewater treatment 

facilities, accounting for nearly all of the water discharged to the 

study area, added soluble and readily exchangeable zinc at a rate of 

77 kg/day. Simultaneously the total mass of dissolved zinc in the study 

area increased at a rate of 22 kg/day. The difference, 55 kg/day, 

must be accounted for by dispersion seaward and sediment uptake.

The dispersion transport component may be approximated employing 

Selleck's (1968) dispersion coefficients and the zinc concentration

gradient across the seaward border of the area. Selleck's dispersion

5 2 
coefficients for this area and season range 5.6 - 9.3x10 cm /sec with

5 2 a rough average of 7.4x10 cm /sec. The zinc concentration gradient was

difficult to determine. Concentration differences between Stations 2M- 

and 27 were consistently small and variable in sign. A summary of 

values obtained in unfiltered, irradiated samples collected at these 

stations is shown in table ll . Apparently the gradient shifts from 

month-to-month but the mean gradient is zero. Data from the atomic 

absorption analyses used for backup indicate a mean difference of about 

0.2 yg/£. Therefore, the flux estimate to be conservative will be 

presented as a range of values. Using a linear concentration-dependent 

dispersion equation:



dc 
Transport = Flux x Area = -k -=— (A)

5 2 
where k = 7.4x10 cm /sec (Selleck, 1968)

dc/dx = (0.0-0.2 yg/£) * 10 km

8 2 
A = 3.9x10 cm (cross-sectional area of

bay at the transect) 

Transport = 0.0 - 5.0 kg/day seaward

The zinc transport into the sediments is 50-55 kg/day. Using a figure

fi o 
of 206x10 m for the sediment surface area, the average flux was 0.025-

0.027 yg/cm /day.

This estimate accounts only for the zinc input from sewage and 

is certainly lower than the real value. Additional zinc sources not 

accounted in this work are dry fallout, rainfall and urban runoff. 

New data from J. D. Hem (oral communication, 1972) suggest that zinc
c c

loadings from rainfall and dry fallout were about 0.61x10 and 0.27x10 

grams respectively over the study period thus accounting for an 

additional 9 percent of zinc loading. The amount derived from urban 

runoff was probably small but could not be evaluated.

No systematic differences in the zinc concentration were observed 

with depth in the water column, and no concentration gradient was 

observed close to the sediment-water interface at Station 36. Zinc is 

not moving out of the sediments fast enough to create an observable 

concentration gradient close to the bottom. I have observed 

such gradients in Chesapeake Bay (Bradford, 1972). Further work and 

new techniques are needed to measure transport of zinc from sediment 

to water.



TABLE 11.—Zinc concentrations in unfiltered, irradiated water by ASV at 
stations 24 and 27 from figures 6 and 7 (in

Cruise/Depth 5 metres

Station 24 27

Bl

B2

B3 1.6 0.7

B4 2.2 2.9

A 10 metres

24 27

1.2* 1.7*

2.2 1.5

+0.9 1.7 1.2

-0.7 2.3 2.9

A

-.5

+ .7

+ .5

-.6

^Filtered sample

A = +.05 S = 0.73

Observations on tjie Chemistry of Trace Metals in the South Bay 

Water. Both zinc and copper are sequestered by fast reacting organic 

chelators in both filtered and unfiltered samples. The percent 

increase in the ASV copper sensitivity caused by irradiating the sample 

is significantly lower in filtered than in unfiltered samples suggesting 

that a fraction of these fast reacting chelators are not molecular but 

colloidal or particulate in size. An analogous difference in the zinc 

sensitivity was not observed. Williams (1969) also suggested that some 

copper chelators in seawater were in particulate form.

The zinc and cadmium concentrations determined by ASV are larger 

in irradiated samples than in raw samples by an average of 0.66 yg/£ 

and 0.023 yg/£, respectively. No significant differences in concentra 

tion were observed between filtered and unfiltered water samples, 

however.
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The mean concentrations of zinc in the aqueous phase, and of iron, 

manganese and zinc in the suspended solids increased with time between 

September and January suggesting functional relationships between the 

concentrations and the season or another parameter related to season 

such as temperature or solar radiation.

Iron is less concentrated in suspended solids than in the 

sediments while manganese is more concentrated in the suspended solids. 

Presuming that suspended solids eventually deposit in the sediments, it 

is possible that, once deposited, the manganese tends to mobilize from 

the solids more so than iron leaving iron behind to constitute an 

increasing fraction of the sediments. Zinc and copper concentrations 

are nearly identical in both the suspended solids and the <20y fraction 

of bed sediments.

Observations of Trace Metals in Sediments and Interstitial Fluids.

Iron and manganese concentrations in the interstitial water are 

large compared to those reported by Presley et al., (1972) for an 

anoxic fjord but within the same order of magnitude as values reported 

by 0. P. Bricker at the Johns Hopkins University (oral communication, 

1972) in interstitial waters in Chesapeake Bay. Iron and manganese 

concentrations are slightly higher in interstitial fluid from 

surficial sediments than the fluids from deeper layers »suggesting that 

these metals mobilize and move upward with ongoing sedimentation.
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The extractable concentrations of seven trace metals in the 

sediments approach the average concentrations in shale. The concentra 

tions of all but nickel are significantly higher in the <20 pm fraction 

than in the 20 ym-2 mm fraction. Iron, manganese, zinc and cobalt are 

higher by a factor of two, copper by a factor of three and lead by a 

factor of five.

A varimax factor analysis of the trace metal concentrations in two 

size fractions of bottom sediments indicates that the variance in the 

concentration of each metal is affected most by separate and 

independent processes. If Jenne's (1968) iron-manganese hydrous oxide 

model were operating exclusively in the south bay, factor loadings for 

all the metals would occur together with very few factors (ideally only 

one) accounting for 95 percent of the data variance. Apparently either 

the processes are not operating exclusively in this system or this type 

of statistical analysis is not the proper method by which these 

processes can be identified.

The variance in the lead concentrations in both sediment size 

fractions is largely explained by the same factor suggesting that this 

factor is a single dominating process such as emissions in automobile 

exhaust. By inspection of table 8, it appears that lead concentrations 

in the <20y fraction of sediments are highest at stations 28E, 29W, 33W, 

and 33E which are close to the two bridges crossing the bay.
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